Introduction {#sec1}
============

Control of molecular translocation through nanochannels or nanopores in thin membranes is central to many aspects of chemical analysis.^[@ref1]^ The most known application is probably detection and potential sequencing of single DNA molecules as they pass through a solid state nanopore, a process which can be analyzed by changes in the ionic conductivity.^[@ref2]^ Another subject of intense research is biomolecular filters based on selective transport through arrays of nanopores, according to molecular size or charge.^[@ref3]^ Such filters have many advantages including high throughput by diffusion alone if the membrane is ultrathin and passive steady-state operation. Further, in contrast to chromatography columns and batchlike separation processes, membranes with defined nanopore arrays may enable parallel separation of multiple analytes and easy implementation in lab-on-a-chip systems. Pioneering studies have shown that chemically modified nanopores may provide separation based on molecular recognition, i.e., a form of facilitated diffusion. For instance, track-etched polycarbonate membranes or anodized alumina combined with proper surface functionalization can provide some degree of specificity with respect to drug enantiomers,^[@ref4]^ proteins,^[@ref5]^ and nucleotide sequences.^[@ref6]^

However, control of permeability in artificial nanopore systems remains challenging. In all biomolecular filters presented so far, the transport selectivity is low^[@ref4]−[@ref6]^ (a factor 2--5); i.e., other molecular species are "leaking" through. Therefore, bottom-up approaches are still far from being able to mimic the remarkable selectivity found in biological nanopores.^[@ref7]−[@ref9]^ In particular, it remains difficult to *gate* nanopores in a controllable manner, i.e., to switch between an open and a closed state with respect to molecules of interest. The possibility to regulate transport in novel ways can in the long run provide advanced directional and dynamic separation, but existing methods for controlling permeability are based on changing the liquid bulk properties.^[@ref10]^ Even polymer-functionalized nanopore systems utilize changes in bulk solvent quality by pH^[@ref11]^ or temperature,^[@ref12]^ which makes gating slow and excludes local permeability control along a channel. Furthermore, control of transport through nanopores has so far focused on the passage of ionic currents.^[@ref13]^ Regulation of protein translocation by surface chemistry has been limited to nonresponsive and irreversible chemical modifications,^[@ref14]^ which essentially only modify the effective pore diameter.^[@ref15]^

We have recently established that hydrophilic polymer brushes on the walls of nanopores in ultrathin gold films can form extremely thin "sieve" barriers which efficiently block passage of serum proteins, while still allowing water flow and free diffusion of small molecules (∼1 kDa).^[@ref16]^ In this work we investigate how an IgG poly(ethylene glycol) (PEG) antibody (AB) affects this impenetrable barrier as it binds inside the nanoscale apertures. Utilizing the inherent plasmonic activity associated with the nanopores,^[@ref17]^ we show real-time detection of protein translocation and AB interactions with the PEG brush inside the pore. Further, by probing the protein exclusion of the PEG brush with surface plasmon resonance (SPR), dynamic alterations in the brush height caused by the AB are elucidated. Our results are further verified by fluorescence imaging, and high-speed atomic force microscopy (AFM) is used to image morphology changes of the brush inside the pores.

Results and Discussion {#sec2}
======================

Inspired by simulations suggesting the possibility to gate brush-modified nanopores by interactions with additives^[@ref18],[@ref19]^ and our previous demonstration of pore sealing by PEG,^[@ref16]^ we hypothesized that ABs which bind to PEG^[@ref20]−[@ref24]^ would disrupt the barrier and open the pores with respect to proteins. Although the binding of certain antibodies to PEG is established, the details of such interactions and their kinetics appear not to have been studied in detail. Therefore, we first characterized the binding between ABs and PEG brushes on planar gold using SPR. We used the E11 PEG AB which recognizes chains of EG units, i.e., it is "backbone binding".^[@ref20]^ Further, we used thiol-terminated 20 kDa PEG to prepare brushes on gold by grafting in a θ solvent as described previously,^[@ref25]^ reaching a grafting density of 0.28 nm^--2^.^[@ref16]^

The titration of ABs to the PEG brush showed a complex behavior for the interaction ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The first anomaly is that at higher concentrations the association phase consistently showed non-monotonically increasing behavior; i.e., the signal increased quickly initially followed by a slow *decrease*. This was not an artifact due to variations in the bulk refractive index since we also confirmed that the total internal reflection (TIR) angle remained constant.^[@ref26]^ Similar "peaks" in the association phase can be observed in published SPR data for multivalent interactions^[@ref27]^ but apparently remain unexplained. The second peculiarity is that when a considerable amount of AB had become bound (\>0.1° signal), the signal no longer returned to the initial value after rinsing ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), showing that a fraction of the ABs become irreversibly bound to the brush. Still, at low AB concentrations the signal quickly stabilized and was essentially fully reversible. For instance, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows the association and dissociation of ABs introduced at only 4 μg/mL, also including a comparison for binding to monolayers consisting of 2 kDa PEG or an oligomer with 6 EG units.^[@ref25]^ It is clear that a reasonably long EG chain is needed to detect binding (45 units in 2 kDa). In addition, the thicker PEG brush increases the binding capacity because the signal is higher even though the antibodies should be located further away from the solid surface.^[@ref25]^

![Characterizing the AB--PEG interaction by SPR. (a) Kinetic titration of ABs to a PEG brush. The concentrations injected are 2, 5, 10, 25, 50, 100, and 200 μg/mL. (The TIR angle is shifted and enhanced for clarity.) (b) Association and dissociation kinetics monitored in SPR for 4 μg/mL AB injected on different surfaces. (c) Proposed two-state binding model and example of fitting association phase data. (d) Single injection of 400 μg/mL AB with BSA injections to probe brush height before and after. Eventually the baseline is recovered after washing steps with 10 mM NaOH. (e) Summary of protein exclusion height measurements. The green bars show brush compression due to weakly bound ABs, probed after 10 min. (Injections of BSA were performed while maintaining the same AB concentration.) The red bars show heights at different times during the dissociation phase after first reaching an AB coverage of 494 ng/cm^2^.](oc-2018-00268g_0005){#fig1}

To account for the striking features observed in the binding kinetics we use a two-state binding model which assumes that each AB may interact either "weakly" or "strongly" with the polymer brush, as has been suggested in theoretical predictions.^[@ref28]^ The dynamics can be described either as two *parallel* independent binding processes or by a *sequential* transition from weak to strong binding ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). In both cases we assume that there is no dissociation from the strong binding state, in agreement with the partially irreversible SPR response. The differential equations describing the parallel binding kinetics can be written as

In this model *k*~seq~ = 0. The equations describing the sequential binding model (where *k*~par~ = 0) are instead written as

Here, Γ~1~ is the molar surface coverage of weakly bound ABs, Γ~2~ the surface coverage of strongly bound ABs, and *C*~0~ the concentration of ABs in solution. Further, Γ~max~ is the hypothetical maximum surface coverage of ABs (number of binding sites) if the strongly bound state would not be available (*k*~par~ = *k*~seq~ = 0 and *C*~0~ → ∞). Note that Γ~max~ is unknown, although clearly increasing with the amount of polymer on the surface. (Note also that the rate constants *k*~par~ and *k*~seq~ have different dimensions.) Similar models have been proposed for other antibodies to account for avidity at high receptor surface density^[@ref29]^ or to describe heterogeneous binding sites at the surface.^[@ref30]^ Here we introduce the factor *n* to account for the fact that the strong binding state should "occupy" more of the available PEG. In both models, a strongly bound AB interacts with *n* times more EG units, or at least makes them unavailable for binding to other ABs.

Each system of two ordinary differential equations above can be solved numerically to obtain the association (or dissociation) kinetics. We first fitted *k*~off~ = 1.2 × 10^--3^ s^--1^ using dissociation phase data (*C*~0~ = 0) and the parallel model, i.e., a simple exponential decay. Using the sequential model for the dissociation data, thereby allowing a transition to the strongly bound state even when *C*~0~ = 0, did not lead to a significantly improved fit. The association phase is more challenging to model as there are several unknown parameters, but a value of *n* \> 1 is necessary to reproduce the experimentally observed maxima in the association curves. The physical interpretation is that as the brush becomes crowded, a greater number of weakly bound ABs are being replaced by fewer strongly bound ones. For an IgG AB, it is tempting to use *n* = 2, i.e., a bivalent interaction representing the ScFv regions on the two "arms".^[@ref29]^ However, theory^[@ref28]^ and experiments^[@ref22]^ suggest that the AB interaction with the PEG may be more complex. From [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b it is clear that the AB does not simply recognize a few EG units bound to its tips. Using numerical evaluations we found that, regardless of whether the binding was assumed to be parallel or sequential, the value *n* = 3 gave the best fits to the association kinetics together with a rate constant of *k*~on~ = 1.0 × 10^3^ M^--1^ s^--1^. Further, *k*~par~ = 3.0 × 10^2^ M^--1^ s^--1^ was fitted for the parallel model and *k*~seq~ = 1.2 × 10^8^ cm^2^ s^--1^ for the sequential model. We also fitted Γ~max~ to 5 pmol/cm,^[@ref2]^ while *C*~0~ always was fixed to its known value (more details in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_001.pdf)). On the basis of these results we conclude that as long as *C*~0~ is on the order of a few μg/mL, and the PEG brush is exposed for less than 1 h, very few antibodies will become strongly bound, and a quasi-equilibrium is established through weak interactions within ∼10 min. However, the true equilibrium state according to the models is that the brush only contains strongly bound ABs, although this takes over 24 h to achieve even at high concentrations ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_001.pdf)). Further, it should be kept in mind that the rate constants are for the 20 kDa PEG brush at Γ = 0.28 nm^--2^. Other brushes may exhibit different interaction dynamics with the AB. Indeed, the 2 kDa PEG has some strongly bound ABs even after low exposure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), suggesting that *k*~par~ and/or *k*~seq~ is higher in this case.

The SPR system also provides a way to monitor the height of the brush by injecting noninvasive probe molecules, typically bovine serum albumin (BSA), which change the bulk refractive index outside the brush.^[@ref16],[@ref25],[@ref26]^ The resulting height represents the characteristic distance from the surface below which proteins are excluded from the brush. Using this methodology, we first measured the height of the brush before AB binding and during the dissociation phase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). After exposure to a high concentration (*C*~0~ = 400 μg/mL) we initially detected a decrease in height from 50 nm down to 33 nm, even though some dissociation had then already occurred. This is in qualitative agreement with previous studies on other brushes.^[@ref24]^ However, after an additional 20 min of dissociation the height was 47 nm, and at the final probing, when only strongly bound AB remain, the protein exclusion height had *increased* by a few nm, probably due to the volume occupied by the ABs themselves. Measurements of the brush heights after 10 min of exposure to low AB concentrations showed brush compression of up to 10 nm (summary in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e). During such a short exposure, essentially no ABs become strongly bound, in agreement with the fitted rate constants *k*~par~ and *k*~seq~. In summary the exclusion height data shows that the weakly bound ABs compact the brush while the strongly bound do not. The two types of binding are thus clearly different in nature, and it is confirmed that the strong binding is *not* simply a bivalent version of the weak. Notably, this shows similarities to the interactions associated with transport proteins and disordered peptides in the nuclear pore complex^[@ref9]^ (NPC), but also differences since strong binding is then pronounced at lower surface coverage.^[@ref31]^

The decrease in brush height due to weakly bound ABs is quite remarkable considering that the number of ABs on the surface is relatively low (cf. response in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). From a standard quantification of the SPR response to proteins,^[@ref25]^ the number of IgGs (150 kDa) inside the brush in contact with *C*~0~ = 4 μg/mL is at least 200 times less than the number of PEG coils (one per 3.6 nm^2^). Since the average exclusion height still decreases by almost 10 nm, each weakly bound AB must have a very strong effect on the *local* brush morphology. Under the assumption that the area of the brush region influenced by one antibody is comparable to its size (15 × 9 × 4 nm^3^), the local height decrease must be tens of nm; i.e., the coils collapse almost entirely at the binding site, most likely because of multiple interactions. In contrast, the strong binding can be either associated with ABs becoming buried deep inside the PEG, i.e., full ternary adsorption in analogy with NPC proteins,^[@ref31]^ or possibly binding to a single chain closer to its free end.

On the basis of the SPR results, we tested to gate nanopores in 30 nm gold films sealed with PEG brushes^[@ref16]^ by introducing relatively low concentrations of the AB, thereby promoting weak binding and brush collapse. As in previous work we used nanopore structures based on cavities in the silica support ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a),^[@ref32]^ which thanks to their plasmonic activity offer a simple way to monitor molecular binding with high resolution by spectroscopy in transmission mode.^[@ref17]^ The plasmonic signal emerges from the short-range ordering of the apertures, and hence, the system is suitable for probing multiple pores (in contrast to ionic current measurements). An average pore diameter in the range from 70 to 90 nm was used to ensure sealing by the 20 kDa PEG.^[@ref16]^ The AB binding to nanopores modified with PEG was first confirmed by introducing different concentrations followed by rinsing after 1 h of binding ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The association kinetics are slightly slower compared to SPR ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which is because of diffusion (no steady flow for the nanoplasmonic sensor), while the dissociation rate is similar to the SPR data as expected. There was very little AB adsorption to silica under these conditions ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_001.pdf)), and hence, the signals originate from binding to the PEG brush.

![Gating nanopores by molecular recognition. (a) Images of the plasmonic nanopores used. (b) Plasmonic signal (resonance shift) from nanocaves functionalized with 20 kg/mol PEG upon AB injections at different concentrations. (c) Plasmonic signal when the AB (2 μg/mL) is introduced together with avidin (50 μg/mL), which adsorbs to silica underneath the apertures (I). For comparison we show the response from avidin for open pores, i.e., gold modified with 2 kDa PEG (II), the AB response (III), and the lack of a response for avidin without the AB (IV). Each situation is illustrated by a schematic. (d) Normalized response from avidin enabling comparison of translocation kinetics for open pores (2 kDa PEG) and gated pores (AB present). Note that results showing PEG sealing have been described in earlier work^[@ref16]^ and are presented again here for clarity.](oc-2018-00268g_0001){#fig2}

The permeability with respect to protein translocation was tested by monitoring adsorption (or lack thereof) on the silica surface underneath the apertures using avidin ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). As controls, we confirmed a clear signal from avidin adsorption to silica for "open" pores, i.e., gold modified with 2 kDa PEG^[@ref32]^ (\<7 nm thick), and no signal when using 20 kDa PEG.^[@ref16]^ Upon introducing avidin together with the AB the response was equal to the sum of the individual responses from the AB binding to PEG and avidin adsorbing to silica. Further, upon rinsing the signal went down by a value corresponding well to the reversible weak interaction. These results can only be explained by irreversible avidin adsorption inside the cavities, but this protein binding must be induced by the AB since avidin alone cannot penetrate the PEG barrier. Hence, the AB indeed operates as a key to gate the pores with respect to protein transport by molecular recognition. The minimum antibody concentration for which the pores became permeable to proteins was approximately 1 μg/mL. Upon rinsing the system and dissociating the ABs, the pores were again sealed to proteins, showing that the gating is reversible.

The plasmonic nanopore sensors can provide additional information through analysis of the binding kinetics (in addition to signal magnitude). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d compares the binding kinetics of avidin for open pores and gated pores, showing a small decrease in binding rate in good agreement with the time required for the ABs to establish equilibrium with PEG ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Thus, the real-time measurements show that the pores behave as "fully open" once the AB is bound; i.e., there is no difference in the transport rate compared to open pores that have 2 kDa PEG chains on the gold.

To further verify gating by molecular recognition we used independent complementary techniques. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the fluorescence intensity monitored next to a 50 nm silicon nitride membrane with plasmonic nanopores identical in shape to the nanowells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) upon introducing fluorescent bovine serum albumin (BSA) on the opposite side. There is no translocation of BSA through the pores when gold is modified with 20 kDa PEG, while the protein quickly diffuses through for the case of 2 kDa PEG as expected.^[@ref16]^ In the presence of the AB (4 μg/mL), BSA diffuses through the brush barrier with a short delay, again consistent with that measured by the nanoplasmonic sensor ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). In addition to verifying the gating principle, the results in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} show that the dynamic barrier control is compatible with large arrays, here, \>10^5^ pores in parallel ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_001.pdf)) connecting two liquid compartments. This shows that on-demand release of proteins on one side of the membrane is possible with a high molecular flux due to the ultrathin barrier.^[@ref3]^

![Complementary fluorescence microscopy showing gating of nanopore arrays in a membrane (120 × 120 μm^2^). The time traces show the fluorescence intensity collected on the exit side after introducing BSA on the opposite side (flow starting at 0 min). The controls show the same data for membrane pores modified with short PEG (translocation occurs) and without the AB (no translocation). The pores are identical in shape to the nanowells in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a.](oc-2018-00268g_0002){#fig3}

We also performed high-speed AFM while introducing the AB to nanowells functionalized with 20 kDa PEG to detect changes in brush morphology and repulsion. The change in penetration depth of the ultrasharp probe^[@ref9],[@ref16]^ (∼5 nm radius of curvature) into the pore relative to the planar surface is plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. After a few min the pore appears wider as shown by the images, and the probe penetrates significantly deeper, consistent with an increased permeability of the brush barrier. Note that the time-dependent plot shows the average height difference of the pore region compared to the surrounding surface. A selection of individual frames show a higher penetration at certain locations (color maps in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which could be due to a local brush collapse induced by a weakly bound AB. However, it should be kept in mind that the scan speed is not fast enough to capture all dynamics, and even the ultrasharp tip has a considerable size.^[@ref16]^ Thus, neither the initial nor the final images show an open pore in the physical sense, but there is clearly a significant reduction in the ability to repel the tip and a tendency among coils to gather up more toward the pore walls. An online video showing the morphology changes in real-time is available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_002.avi).

![High-speed AFM on a single nanowell modified with 20 kDa PEG. The pore penetration depth (relative to the penetration on the planar surface) as a function of time after injection of AB (2 μg/mL). Data is averaged from a 700 nm^2^ region in the pore center and compared to a region outside the pore of equal size. Representative frames before and after AB binding are also shown. The color maps show the difference in height compared to the initial frame.](oc-2018-00268g_0003){#fig4}

As a final result, we will show that a *single* AB per nanopore is sufficient for gating. First, based on SPR data ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), the surface coverage of ABs after ∼10 min of exposure to a concentration of 4 μg/mL can be calculated^[@ref25]^ to be 860 nm^2^ per molecule. This translates into less than 9 molecules inside an 80 nm aperture (the average diameter) in a 30 nm film (7500 nm^2^ wall area). Further, the signal at the critical limit for gating (1 μg/mL) is 6 times lower ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), which means that the average number of ABs per pore is 1.46, i.e., typically 1. It is also possible to utilize the plasmonic signal of the nanopores at the threshold of 1 μg/mL (0.03 nm) and compare it with the response from grafting the 20 kDa PEG (7.7 nm).^[@ref16]^ The PEG coverage is 897 ng/cm^2^ on a planar surface,^[@ref16]^ and the ratio of the signals (0.004) thus gives an AB coverage of 3.5 ng/cm^2^, which corresponds to 1.06 molecules per pore wall area. (The refractivity of proteins is slightly higher than for PEG,^[@ref25]^ suggesting an even lower number of ABs.) This direct quantification is quite accurate since the plasmonic response is linear, and the ABs obviously bind roughly at the same location as the PEG. One could argue that the pore regions may have a higher affinity for the AB due to changes in brush morphology.^[@ref33]^ However, this is highly unlikely because the pore walls are well-known to be the most sensitive region, and hence, the plasmonic response would be considerably higher. Indeed, previous work on very similar plasmonic nanopores has shown that one 60 kDa protein inside the cylindrical aperture corresponds to a signal of ∼0.01 nm,^[@ref34]^ and the ABs which are almost three times heavier indeed give a three times higher response.

The fact that a single AB is sufficient for gating is arguably quite fascinating and shows that the number of PEG coils that represent the macromolecular barrier is quite low. Along the pore walls in the 30 nm thick gold film, coils grafted close to the openings will likely have their morphology altered,^[@ref33]^ and the thickness of the "truly repelling" brush barrier is likely closer to ∼10 nm, i.e., comparable to the dimensions of the AB as expected for single molecule gating.

Conclusions {#sec3}
===========

We have shown that, by introducing an AB to PEG-modified nanopores, it is possible to disrupt the entropic barrier presented by the polymer brush, which fully blocks translocation of proteins (to the extent that our systems can measure). The experimental data shows that a single antibody interacting weakly with the polymer is sufficient to collapse the brush and open a local path for proteins so that they diffuse through the pore. Remarkably, in this gated state the pores are fully permeable to proteins, i.e., as if there was no barrier present at all. In addition, the gating is reversible since the ABs can dissociate again. We are not aware of any previous experiments showing nanopore gating with respect to proteins by molecular recognition, although analogies exist for small molecules in drug delivery.^[@ref35]^ Certain DNA origami constructs can be switched to an "open" state by sequence-specific hybridization^[@ref36],[@ref37]^ but have never been used to regulate protein transport.

Still, further work is needed to elucidate details on the AB--PEG interaction and if it is influenced by the nanoscale geometry in the pore compared to the planar surface. It should also be kept in mind that this study only shows results for one type of PEG AB (E11), and other versions^[@ref23]^ may behave differently. The altered permeability of the PEG barrier due to interactions with ABs may be relevant for understanding the mechanism leading to accelerated blood clearance of PEG-modified substances.^[@ref21]^ It is intriguing that even if PEG is efficient in reducing nonspecific protein binding and enhancing biocompatibility the polymer may in fact be recognized by several antibodies,^[@ref38]^ which seem to be naturally emerging because of the frequent use of PEG.^[@ref39]^ This will most likely influence the PEG "stealth" effect, which is critical for making drug delivery vehicles bypass the immune system and yet surrounded by controversy.^[@ref40]^

In the longer perspective, our results form a foundation for developing biomolecular filters which are also dynamic and responsive. In addition to nanopores, it will also be possible to regulate protein transport in long nanoscale channels by introducing polymer brush barriers at specific locations. Understanding and regulating the barrier mechanism of polymer brushes by specific attractive interactions may eventually provide highly selective filters that respond on demand as well as artificial shuttle-cargo systems that mimic biological systems.^[@ref8]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00268](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00268).Additional experimental details, quartz crystal microbalance results, additional surface plasmon resonance data, images of membrane pores, details on kinetic modeling ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_001.pdf))High-speed AFM video ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00268/suppl_file/oc8b00268_si_002.avi))
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